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Abstract: Ultrasonic spray pyrolysis is a versatile method for preparation of
powders of metals, oxides and composites. Nanoparticles of silver were prepared by ultra-
sonic spray pyrolysis in a horizontal and vertical reactor. Direct synthesis of RuO,-TiO,
nanoparticles with core and shell structure was investigated in a vertical reactor. An influ-
ence of reaction parameters (the temperature, the residence time, the concentration of solu-
tion, and the ultrasonic frequency) on the morphological characteristics of prepared nano-
particles was studied. Using the ultrasonic spray pyrolysis, the ideally spherical metallic
particles were obtained at temperatures below the melting point of metals. Scale up of the
ultrasonic spray pyrolysis was applied for the synthesis of nanosized silver. The coating of
titanium anode was successfully performed using ultrasonic spray pyrolysis method in an

electrostatic field.
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1. INTRODUCTION

This paper includes my previous research stu-
dies describing the synthesis of metallic and core-
shell particles from the precursor solution such as
metal nitrates, tetra-n-butilorthotitanat, and rutheni-
um (I11) chloride hydrate using the ultrasonic spray
pyrolysis method [1]. Owing to the control of used
process parameters (the ultrasonic frequency, the
concentration of the solution, the residence time of
aerosol, the gas flow rate, and the reaction tempera-
ture), it is possible to guide the process of producing
powders with a desired morphology that satisfies
more complex requirements for the properties of
advanced engineering materials [2—6]. Collection of
nanosized metallic particles in an electrostatic field
asfinal step represents the highest challenge in order
to improve a small production rate of ultrasonic
spray pyrolysis method [7-10]. Ultrasonic spray
pyrolysis was carried out using an action of
powerful ultrasound on the corresponding water
solution of metalic salts forming the aerosol with
constant droplet size, which depends on the liquid
characteristics (surface tension, density and
viscosity) and the frequency of ultrasound. The pro-
duced aerosols were transported into the hot wall
tubular reactor, thus enabling the chemical reaction
in a very small volume of a particle preparing sub-
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micron and nanosized powder. As reported by Bang
and Suslick [11], powder synthesis through aerosol
routes enabl e the generation of submicronic to nano-
scaled oxidic powders from a variety of water solu-
tions of salts such as nitrate, chloride, sulfates and
acetate (as shown in Figure 1).

Spherical, non-agglomerated, nanosized par-
ticles of metas (Cu, Ag, Au), and mixed
metal/oxides particles (Ru/TiO,) were produced with
new and improved physical and chemical characteri-
gtics [1]. The high costs associated with small pro-
ducing large quantities of uniform, nanosized (sub-
micron) particles using ultrasonic spray pyrolysis
limit the use of prepared nanoparticles in many prac-
tical applications. Synthesis of metallic and core—
shell particles will be presented in this work.

Figure 1. Ultrasonic spray pyrolysis synthesis
inasingle step
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2. SYNTHESIS OF SILVER PARTICLESIN
A HORIZONTAL REACTOR

Firstly the ultrasonic spray pyrolysis (USP) is
successfully introduced for the preparation of nano-
sized silver particles from silver nitrate using a hori-
zontal reactor. The ultrasonic spray pyrolysis of
AgNOs-solutions was performed in a small horizon-
tal reactor with a quartz tube (diameter 0.021 m,
length 0.3 m) in hydrogen and nitrogen atmosphere
(as shown at Figure 2). Calculated residence time in
tube was about few seconds. It is confirmed that in
the absence of hydrogen at 600°C (only nitrogen
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atmosphere) is also suitable for the synthesis of
spherical, dense, non-agglomerated nanoparticles of
silver.

The particle size of silver was increased with
higher concentration. At a 0.05 mol/l AgNO;, the
powder is composed of non-agglomerated and rarely
spherical nanoparticles between 144.5 nm and 1000
nm. At a concentration of 0.1 mol/l AgNO;, the
powder is composed of non-agglomerated, spherica
nanoparticles of sizes between 83.6 nm and 190.2 nm .
Cylindrical and prismatic forms were observed in this
powder (as shown at Figure 3).
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Figure 2. Experimental apparatus for the USP-synthesis of silver particles[8, 9]

Figure 3. Reduction of silver nitrate in nitrogen (left), and in hydrogen (right)

An increase of the concentration to 0.2 mol/I
leads to more spherical and dense particles of sizes
between 83.6 nm and 433.6 nm without the presence
of cylindrica and prismatic particle forms. The
ultrasonic spray pyrolysis of AgNOz-solutions
followed by a hydrogen reduction is suitable for the
synthesis of spherical, dense, non-agglomerated of
silver at 1000°C (as shown at Figure 4). Because of
the reaction temperature of 1000°C was higher than

the melting point of silver (962 °C), the required
conditions for the formation of fully-reacted and
ideally spherical silver particles were ensured.

A decrease of the hydrogen reduction tempe-
rature from 1000°C to 150°C leads the amount of
spherical, but not dense particles in the Ag-powder
structure obtained from silver nitrate (as shown at
Figure5).
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Figure 4. Slver nanoparticles obtained at 1000°C [10]

The preheeting of the AQNOs-solution at 45°C in
an ultrasonic atomizer has no influence on the particle
morphology. But the preheating has a big influence on the
destruction on an ultrasonic transducer. Because of this
behavior, the temperature in an ultrasonic chamber has to
remain congtant (about 23°C).

The connection between the mean diameter of
aerosol droplets and the frequency of the ultrasonic ato-
mizer was earlier sudied by Rgan and Pandit [12].
Asauming that the characterigtics of water are close to
those of the used diluted precursor solution, the parame-
ters of our experiments y=72.910°Nm*, p=1.0gcm?,

Figure5. Slver nanoparticles obtained at 150°C

f =800 kHz lead to a cd culated val ue of the ultrasonically
dispersed droplet diameter of D = 4.79 pum. An incresse
of the operating frequency decreases the aerosol droplet
size. Using the parameters of previous experiments using
transducers (assuming that characteristics of water are
closed ones of wae <olution of precursors):
y=729x10°Nm*, p=1.0g-cm®andf =25MHz The
cdculaed vaue of the ultrasonicaly dispersed droplet
diameter amounts to D= 2.26 um. The change of the
aerosol droplet isafunction of the operating frequency of
the ultrasonic generator, shown in Figure 6.
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Figure 6. Dependence of aerosol droplet size of the operating frequency

Although the one-particle-per-droplet model
fits in many cases, it does not explain the difference
between the calculated and the measured particle
sizes;, thus, a different model should be examined
(e.g. gas-to-particle conversion mechanism). During
transport of an aerosol to a furnace, the droplets may
coalescence due to Brownian motion and electrosta-
tic attraction forming agglomerated and non-uniform
particles, which is the reason for this difference in
calculation.

Based on obtained values of the aerosol dro-
plets size (in redlity a size distribution spectrum) the
mean powder particle size can be calculated from
the following equation.

c M 1/3

d,=d- P 2
pp ‘M pr

Where d, is the powder particle diameter, p,

the powder density, M, the powder molecular mass,
Cor the precursor concentration (solution used for
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spraying when forming powder particles) and My,
the precursor molecular mass. This formulais based
on the conventionally accepted one particle per drop
mechanism. But a careful comparison of the precur-
sor drop sizes with the product particle sizes reveas
that in addition to this model spray pyrolysis may
aso involve a gas-to-particle conversion mecha-
nism, which creates nanoparticles much smaller.
According to the Eg. 2, using the parameters of own
experiments (D: 4,79 pm, Mg 107,87 g/mol and
pag- 10,50 g/cm®) the calculated mean particle dia-
meter of Ag develops with the precursor concentra-
tion as Figure 7 shows. The experimentally val ues of

the Ag powders in this pre-study show a reasonable
agreement with the calculated values by Eq. 2, but
the presence of particles below 100 nm is evident.
Differences between calculated and experimentally
obtained values may be due to the approximate
values used for surface tension and density of
aqueous solution, micro-porosity of particles, and
also due to coaescence/agglomeration of aerosol
droplets at a high flow rate for the carrier gas (turbu-
lence effects). As it can be seen, the particle size
decreases with dilution of the precursor concentra-
tion in the solution as a result of the reaction in a
smaller volume.
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Figure 7. Calculated and experimentally obtained particle size of Ag after aerosol drying and hydrogen
reduction/thermal decomposition, depending on the AQNO; -concentration in solution

After generation of drops from a precursor
solution spray pyrolysis involves three major steps:
1) drop size shrinkage due to evaporation, 2) conver-
sion of precursor into metal due to hydrogen reduc-
tion and 3) solid particle formation. The vapor diffu-
sion proceeds much faster than the droplet shrinkage
and reaches steady state before there is a significant
change in droplet size: Some technical limitations of
this technique persist at the actual state-of-the-art: a)
porous or hollow particles, b) low production rates,
¢) large off-gas volumes, and d) an agglomeration of
particles. Control of the reaction parameters,
especially of the flow rate of acarrier gasis one way
to prevent the agglomeration of particles. The most
important step for study of USP synthesis for pro-
duction of nanosized silver was the subsequent sca-
ling-up to a prototype production reactor in order to

improve very small production rate. Development of
a scaled-up vertical reactor technology line was
made with improved productivity of powder, the
investigation of the chamber characteristics and the
hydrodynamic system in order to optimize the injec-
tion of the carrier gas and the transport of produced
aerosols, and an electrostatic collection system for
nanoparticles.

Silver nanoparticles prepared in a vertica
reactor were collected in an electrostatic field of new
collection system developed at the IME, RWTH
Aachen University (as shown at Figure 8). During
the synthesis, a new system for particle collection
shows an efficiency up to 42 % at U=27 kV and cur-
rent intensity between 0.08 and 0.14 mA (as shown
at. Figure9.)
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Figure 8. Experimental setup for the USP-synthesis of Ag- nanoparticlesin a vertical reactor:

1. bottle with hydrogen, 2. bottle with nitrogen, 3. flow meter, 4A- electronic unit, 4B- ultrasonic generator,
5. quartz tube, 6A-furnace (an evaporation zone up to 300°C), 6B-furnace (a reaction zone up to 1100°C),
6 C- afurnace (a heating up to 500°C), 7. a system for collection of powder,

8. a bottle with water and alcohol, 9.a connection with a high voltage device,

10. a pressure indicator, 11. a vacuum pump.

Figure 9. Prepared nanosilver in a vertical reactor shown at Figure 8: on afirst electrode (left),
on the second electrode (right) [13]

3. SYNTHESIS OF CORE-SHELL
PARTICLES

Core-shell particles comprise a core made
from one material, and a shell (or coating) made
from second material. The core/shell nanoparticles
are always made from an inorganic core (i.e. oxide,
nitride, carbide, rarely from meta particle). The
shell is made from another oxide, which is very acti-
ve. By clever selection of core and shell materials
properties can be combined, or the surface can be
functionalized. Tetra-n-butilorthotitanat, ruthenium
(111) chloride hydrate, and chloric acid were used as
precursor for the synthesis RuO,/TiO, nanoparticles
by USP using the equipment shown schematically as
shown in Figure 11. The mgjority of the core con-

sists of TiO,, while the shell is predominantely com-
posed of RuO,. Model of core-shell formation in a
single step was proposed and shown in Figure 10.

As shown in Figure 10, the core-shell particles
are present in a structure, but also the hollow and
solid particles were formed. Under new conditions,
al reactions were not completed, which is a reason
for the formation of hollow particles. Although the
solid particles appeared in structure, there is no time
for the formation of ideally core- shell structure.
Molar fractions of precursors, solvent type and pro-
cess temperature play crucia roles in the formation
of core--shell structures of RuO,/TiO,. The ided
core-shell structure was finally obtained in multistep
pyrolysis [14], which was not achieved in previous
mentioned experiments in a single step synthesis.
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Figure 10. Formation of core-shell structurein single step [1]

The exact mechanism for formation of
RuO,/TiO, from aerosol droplet with core- shell
structure in the single step USP- process was not yet
well understood. Two hypotheses are available
based on &) different solubilities of precursors and b)
the melting points of the core-shell components.
Concerning the first theory, the less soluble compo-
nents tend to precipitate faster than those with higher
solubility. In the case RuO,/TiO,, the solubility of
tetra-n-butilorthotitanat in water is smaller than rut-
henium chloride. Therefore, firstly Tetran-
butilorthotitanat precipitates forming the core,
followed by RuCl; precipitation on the top of Tetra-
n-butilorthotitanat, what leads to the formation of a
shell. During a decomposition step, both salts tend to

form ruthenium oxide and titanium oxide. Nitrogen
as carrier gas prevents oxidation of the metal in the
tubular reactor. Therefore, the synthesis of spherical
RuO,-TiO, nanoparticles with nearly perfect core-
shell structure had a special variant of ultrasonic
spray pyrolysis (multistep synthesis), as shown in
Figure 11. In contrast to conventional ultrasonic
spray pyrolysis, a modified set-up with separated
ultrasonic atomizers for each precursor and two
horizontal reactors for thermal decomposition was
employed. According to the process chart in Figure
11, titania nanoparticles are formed in the first
pyrolysis zone from an aerosol containing tetra-n-
butylorthotitanate.

Figure 11. Multistep synthesis of core-shell structure [14]

The aerosol was generated with an ultrasonic
frequency of 0.8 MHz. Pure oxygen was used as
carrier gas at a flow rate of 1 I/min under atmosphe-
ric pressure. The second aerosol stream, generated at
f=2.5 MHz using a ruthenium (l11) chloride hydrate
precursor, was then admixed to the stream of solidi-

fied titania particles emerging from the first decom-
position zone. This mixture was then piped through
the second pyrolysis zone, where the desired core-
shell particles were formed. In the last step the
nanoparticles are separated from the carrier gas by
passing the gas stream through a washing flask filled
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with water. The experiments were performed at
decomposition temperature of 850°C. Initial charac-
terization of the obtained nanoparticles was perfor-
med by powder X-ray diffraction (Philips PW1820)
with Cu Ka radiation and scanning electron
microscopy (LEO1450VP) operated at 20 kV. For
further characterization of the samples, we employed
high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) and
energy dispersive spectroscopy (EDS) using a FEI

Tecnai F20 operated at 200 kV [14]. In addition to
X-ray diffraction, selected area electron diffraction
was used for phase identification of small volumes.
Diffractograms obtained from the RuO.J/TiO;
powders showed the presence of RuO, and TiO; in
two different modifications: anatase and rutile.
Analysis of the nanoparticles by SEM showed in
Figure 12, that nearly ideal spheres with mean par-
ticle diameters between 200 and 400 nm were for-
med during the multistep USP process.

Figure 12. SEM analysis (left) and EDX line scan across RuO./TiO, particle (right) [ 14]

Analytical results such as EDX line profiles
are complex due to the special geometry of spherical
nanoparticles. Thus the elemental profiles obtained
from EDX (as shown in Figure 12) were compared
using a simple core-shell particle model, which is
described in detail in [14]. Comparison of these
results has confirmed a perfect core-shell structure
of the particles of RuO,/TiO,. A future development
step should be especialy focused on the optimiza-
tion of the mixing device of the solid particle stream
with the aerosol, and collection of particles in an
electrostatic field.

4. COATING OF ACTIVATED TITANIUM
ANODE WITH PARTICLES PRODU-
CED BY USP-METHOD

Synthesis and coating of sub-micron spherical
RuO,/TiO, particles were performed in a new deve-
loped continuous process in two connected reactors.
Synthesis of particles from organic precursor was
achieved by ultrasonic spray pyrolysis method in
first reactor. The subsequent coating of previously
produced RuO./TiO, was performed on a titanium

anode in a second reactor in a high-voltage electro-
static field at 500 °C.

The most important parts of the equipment for
synthesis are the ultrasonic atomizer and the reactor
with three separated heating zones. The temperature
and pressure control was adjusted using a thermostat
and a vacuum pump. Fountainization of the obtained
solution after dissolution of precursors took place at
room temperature in an ultrasonic atomizer with one
transducer to create the aerosol from a mixed solution
based on tetra-n-butyl orthotitanate, ruthenium (I11)
chloride hydrate, and hydrochloric acid. With regards
to our previous results, the resonant frequency was
selected to be 2.5 MHz. Under spray pyrolysis conditi-
ons, oxygen overpassed continuoudly through the
quartz tube (at a flow rate of the 3 I/min) in order to
oxidize precursors a 800 °C. Then, atomized and
pyrolysis droplets containing ruthenium oxide and tita-
nium oxide in an ultrasonic generator were further
trangported by carrier gas to the horizontal furnace,
(Thermostar, Aachen). After formation of RUO./TiO,,
the produced particles were used to coat an expanded
titanium anode in an eectrostatic field a 500 °C with
high voltage of 27 kV. RuO,/TiO, particles, which are
not deposited on a titanium anode, and were collected
in abottlefilled by water.
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Figure 13. The coating processin a specially constructed quartz equipment in one furnace [15]

As shown Figure 13, a titanium anode was
inserted in a specialy constructed furnace made of
quartz, which contained two electrodes for dectric
field generation at maximal achievable temperature of
600 °C. A scanning electron microscope (MIRA VP)
from Large Chamber Scanning Electron Microscopy,
Central Facility for Electron Microscopy GFE, Aac-
hen, Germany, was used for the characterization of the
obtained powders at a titanium anode. SEM-images
were used to examine the surface morphology of the
particles formed a different parameter sets. The
qualitative characterization of the impurity level was
performed by the energy disperse spectroscopy (EDS)
analysis with a Si(Bi) X-ray detector connected to the
SEM and a multi-channel analyzer. The eectrogtatic
field was generated by a high voltage device (27 kV,

Figure 13. @) Activated titanium anode just after electrostatic deposition of the coating,

0.08 mA) from Eltex, Elektrostatik-GmbH, Well am
Rhein, Germany, to enable the coating of the produced
submicron particles. A sand-blasted titanium anode
(mechanically cleaned) was previoudy treated with
oxdic acid in order to remove passive film and to
degrease the surface, which enable a better adhesion of
formed particles onto the anode surface [15].

The RUO,/TiO, materia electrogtaticaly deposi-
ted onto a titanium anode was analyzed by SEM/EDS.
The important aim was to check the morphology of
obtained RuO,/TiO, coating and its distribution at tita:
nium anode. Figure 13 shows the image of an anode
during the eectrogtatic coating deposition in a quartz
furnace, and the surface appearance of the activated
anode.

BSE 200KV X2500 10pm WD 15.6mm

b) SEM surface appearance of the coated anode [15]

The sub-pum-sized spherical particles of RuO,-
TiO, obtained by a single ultrasonic spray pyrolysis
method were confirmed at anode surface after depo-

sition. The particles appear adherent to the surface in
clusters without changes in the particle texture. It is
indicated that the TiO, core of the particles of ena
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bles good adhesion of formed mixed TiO,/RuO, par-
ticles on atitanium anode surface. The obtained coa-
ted anode was investigated in the oxidation process
of hydrochloric acid in order to produce gaseous
chlorinein the industrial conditions.

5. CONCLUSION

The nanosized particles of silver were prepared
in a single step ultrasonic spray pyrolysis. RuG,/TiO,
paticles with the core and shdl structure were
successfully prepared using the ultrasonic  spray
pyrolyss method in multissep ultrasonic spray
pyrolysis. Different precursors of metallic and organic
sdts such as slver nitrates, tetra-n-butilorthotitanat,
and ruthenium (I11) chloride were successfully used for
the synthesis of metallic and core-shell particles. Tetra-
n-butilorthotitanat as a precursor was used for the for-
mation of titanium oxide. Spherical RUO,/TiO, partic-
les with mixed core/shdl dgructure have been
synthesized by single-step ultrasonic spray pyrolysis
and continuously applied as a coating onto expanded
titanium substrate in order to prepare an industrial type
of activated titanium anode. SEM anaysis showed that
the coating appears adherent to the surface, arranged in
clusters without changesin theinitia particle texture.
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FOR

CHUHTE3A HAHOYECTHULIA METAJIA N1 YHECTULIA O JE3I'PA CA ITPEBJIAKOM
KOPUIIIREWHBEM VIITPA3BYYHE ITUPOJIN3E

Caskerak: PacnpuimBame ynTpazBydyHOM MHUPOJH30M je pa3HOBPCHAa MeToja 3a
NPHUIPEMy MpaxoBa MeTajia, OKcuaa u komnosura. Hanouectuiie cpebpa Cy CHHTETH30BaHE
YITpa3By4YHOM THPOJIM30M Y XOPHU30HTAJIHOM W BEPTUKAIHOM peaktopy. McruruBana je
JMPEKTHA CHHTE3a YecTula Ha 6a3u kope ox RUO, u jesrpa ox TiO, y BepTHKaIHOM peax-
TOpy. YTHLAj pEaKMOHUX MapaMeTapa (TeMiepaTtype, BpeMe 3ap)KaBama YecTHIa, KOH-
LEHTpaLja PacTBOpa U yATpa3By4YHe (GpekBeHie) Ha MOP(HOIOTH]jy MPUNPEMIbEHUX YECTH-
na je ucnutuBad. KopuihemeM pacnpiirBamba yITpa3ByqHOM MUPOIU30M, UACATHO chep-
HE YeCTHIIe CY J00UjeHe Ha TeMIIepaTypama UCIIo/l TeMIlepaType TOoIbeha MeTana. Y Beha-
Ha TMPOU3BO/(tha PACIPIINBAKBEM YITPA3ByYHOM IHPOJIU30M H3BEJCHA j€ 3a CHHTE3y Cpe-
oOpa. [Ipenaueme aHone on TuTaHa ca yecturama RUO,, 1o0HjeHNX yATpa3BydIHOM ITHPO-
JIM30M j€ M3BEJCHO y EIEKTPOCTATUYKOM MOJBY.

KibyuHe pujeun: pacrpuivBambe YJITPa3ByduHOM IUPOJHM30M, CHHTE3a, METalH,
jes3rpo-kopa.



